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THEORETICAL AND EIPERIHEHTAL INVESTIGATIONS oF
THE DRAG OF INSTALLED AIRGBAFT BADIATORS'
By W. Barth

The drag of installed alroraft radiators has been de-
termlined in varlous cases in wind-tunnel and free-flight
tests (references 1, 2, and 4). .Unfortunately, however,
the magnitude of the total drag alone affords no informa-
tion about the quality of the radiator installation., The
present report therefore proposes the determinetion of the
absolute magnlitude of the total radlator drag end, in ad-
dition, of the different causes of the radiator drag.

In figure 1 is shown &2 normal radiator installatlon
for 2 liquid-cooled engine. ¥ow assume the radiator in-
cluding cowling removed from the nacelle and mounted 1lnto
a frictionless flat plane exposed to an air current as in
figure 2. The contours 1in direct proximity of the radiator
installation shall remaln unchanged. The eventual differ~
encos in drag and flow volume resulting from the two in-
stallatlion arrangements are to be attributable to the mutual
interference between radlator and -airplane components.
Since this effect 1s not dealt with here, the analysils can
be restricted to the simplified case of ilnstallation of :
flgure 2.

Two zones, A and B, are to be recognized in the fleld
of flow of the radiator: =zone A to include all streamlines
pasgsing through the radiator, zone B all remalning stream-
lines and up to the plane of interséction a-a passing
through the cooling air discharge orifice (fig. 2). The
boundary of the two zones forms an area composed of stream-
lines which partly coincides with-  the contour of the radi-
ator cowling. Visualizing this surface as & fixed wall, the
total drag of the radiator arrangement can be dlvided 1into
drag W, and WB' whereby drag Wp 1s equal to the force

*fTheoretlische und experimentells untersuchungen ueber den
Luftwiderstand elngebauter Plugzeugkushler." Proceedings

of the Fifth Internatlional Corgress for Applied Mechanics,
Canbridge, Massachusetts, September 12-16, 1938, pp. 566-~570.
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in inflow direction on the boundary of zone A and drag
HB equal to the force on the boundary of zone B.
Notétion
Ve velocities in the.plane of intersection a-a.

v velocity in cooling-air-discharge scction.

al
Vg valocity in assumedly free radiator sect;on.

N P veloc}ty_in uﬁdiaturhad flow.

..p, -absolute pzas;urea in piane a-a.

Pgs. irpggﬁre in cobl;ng—uir;dischargo opening.
Tk.:_frontal aren of rodiator element. |
-#...toﬁg} drag of installed radiator.

Fau. %reaiof'cooiing-air-dischﬁrgo oponing.

Py qii_genéity.;
Q" = 503%: dynamic pressure of air stream.

V, "cooling-als volume in time unit.
Apg, Pressure gradient in radiator element._

- -SuUscripts X, ¥, 8, denote thé components of the:
velocity in the coordinate directions x, y, z.

'If assuning the flow devold of ﬁny source or sink,
"the drag J,; end Wg follows from the impulse theorem
ot - oo

B

g = J/:/ﬁ -p + p Vx(;o:‘lvx) AF . (1)

- ‘A . L . i
el et e @

] =WA:+WB=OW%'VO-B g . (3)
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where dF deslignates 4 surfdce element.-dﬁd the integra-
tion-extends oxa:ltha‘zone;;#u or_ B 'of -plané.-.a-a. When

e=p+ L8 (vx" + wp" o+ v%) = B wo® - ag (4) -

where g 1s 'the total ‘pressure and Sg.'tha energy loss
of & stream filament up to plane " a-~a "relative t0 a-stream
filament at infinity W, . can equally be ‘written as

ff (vo-vx)a+vya+v,a]dl’+ fﬁAg aF (5)
=%./t/l-—(v°.-vx) +vya+v, dF+f[Agd]‘ (6)

¥Now the assumption is made that the pressure and the
epeed 1n the cooling-air-discharge opening can be expressed
by a mean value and furthermore, that the velocity compo~
nents along the ¥y, z axles in the cooling-alr-discharge
opening are negliglibly small. Then the relatlion for W,
becones

-

WA. = % i_Aga - %(vo - va)a_l Fa . (7)

Aga' indicates the energy loss on passing througﬁ the radi-
ator and amounts to

gy =~ Py - % Vo~ * %_voa - (8)

Thus with given f£low volume and known pressure in the cool-

ing-alr-discharge opening the drag WA can be computed,

-

As concerns the magnitude of WB. the'following prer

diction can be made; with aerodynamically correct radiator
cowling, the energy losses 1ln-circulation ebout the radia-
tor will be quite low, so that the second term of equation
(6) is, in thie case, neglligidle, The. magnitude .of the
first term can be estimated as follows. Visualize the radi-
ator replaced by & certaln source and sink distribution in
z6ne A, which is so arranged that the boundary surface
of zones A and B Dbecones & streanm surface. The force,
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exerted internally on the stream surface must, in this
cage, be squal to the pressure exerted on.the stream sur-
face from the outside, l.e., in this case

Wy = -w"

Asgsuming that the speed in the discharge opening 1s replace~
able by the average value vg* ‘and corresponds to the pres-
sure p by loss~free flow, the yleld. § of the source-
sink distribution must assume the followling value, .

Q= (vg* = vy) ¥y (9)
where -
%”Va'a ='% Vo® - Pa | (10)
The momentum theorem applied to zone A glves

Wg + pve Q=0p va*? Fg - p Vo Vo. Fa + Py Fy (11)
Wy = % (vo = va™)* Fa - (12)
- i Pa 3
g =L v ?r, (1~ /1~ -—-) =X (13)
 ¢,* 7, e

Incidental to the applicction of the momentum theory, the
propulsion of magnitude p v, Q exerted on the sources
and sinks must, of course, bs also taken -into account.

Admittedly there might be cases where the above as-
sumptions are no longer permissible and other sources and
sinks outside of =2one A nust be assumed. In such cases
the expression equation (13) assumes, as a rule, smaller
or even negative values, but not exceeding the amount ac-
cording to. equation (13). (Compare, for instance, the as-
sumptions according to (3), (5).) Since the pressure pg
nearly always ranges botweecn O and *0.5 qo, the expres-
slon according to equation (13) always remains small rela-
tive to W, and can therefore be disregarded.

With equetians (3), (7), (8), and (13), and given
dimenslone, known cooling volume and known pressure in the
cooling-air-outlet opening, the alr resistance of the radi-
ator assembly can he predicted. This resilstance computed
on the assumption of loss~free flow outside the radlator
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cowling ‘i8,:in contradibtinction from the measured total

. drag. W, designated with W*., 1If there 1s a difference

between' W and W*, 1t must be due to energy losbes out-
eide the radiator, 1.e., the second term of equation (5)
will not -be equal to sero. Therefore: : :

. ' B _ .
T W= W* 4 ff - g 4AF = Cyw %Voa ]lK . . (14)

I- . ) . - . ' . :
W* = o,* %voa Fg = V,+ K : . (15)

In practice, of course, the avoldance of energy losses out=-
gslde the radiator cowllng, say, by greater smoothness of
the cowling, etc., willl make the changes in v, and pg
quite small, so that the difference of ¥ and W* does
not exactly correspond to the actually ocbtalinable galin in
drag. However, thls effect 1ls very small and disregarded
for reasons of simplicity. T

The radlator drag-.1s chlefly. due to the energy loeses
on flowing through the radlator. "To combat the. power in-
put, given by cooling-ailr volume V and the pressure gra-
dient Apy 1in the radiator element, a certaln mininum drag

) 1 °K P 2
Wm = ¥V APK ;—o- = APK FK;;-= cwm-—a- Vo FK (16)

nust be taken in | the bargaln.

] But in roality, -the energy loss Agp at paséaso is
much higher than corresponds to the pressure gradlent ApK
in the radiator element. TFigured with this value, it af-
fords 'a drag’ ' Wyt " - . L

o ; -
1 E L v 2y (17)

Wy =7 Agq v Aggy FK‘;:.= %wy 2 Yo “x

The differences between W, and W, are due to £1 ow
losses On pessage through the'radia%or cowling, the differ-
ences between W3 and the computed W* due to the basic
disposition of the radiator. The determination of W¥*,

Wps W3, and W afford an insight into the composition of

the radlator drag,
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w, ¥*, Wy, W3 can equally be appraised mathemat-
ically if based on the following simplifying assumptions,
Limited to a two-dimenslonal problem the flow past the
radlator 1s visualized as being bounded by a flat wall,
as in flgure 4, arranged_ parallel to the plane of instal-
lation. The slze of the tunnel section ¥ 1is put in a
certaln ratio to the radlator dimensions and so determined
that the conditlons at the coollng-alr outlet agree as
nuch as possidle with actual conditions. Since section F
does not exceed a certaln size, the veloclty outside of
the cooling-air-outlet sectlon in the plane  a-~a can dDe
equally replaced by an average valuwe v3. The pressure
in this section 1is assumed constant and must be equal to
Pae Fron the equation ofcontinuity follows:

Fa va = IK VK
vy = v)(E - F) = B, (v, - v,) (18)
)
F F

Vv, & ———— Y —
1" p-p, © F-7, &

Assuming gzero pressure in the plane e-e direc%ly be~
fore the radiator, and designating with Ag, the energy

‘losses at passage, with Agjs the energy losses at flow

around the radiator, from plane e-~-e 0 plone a-a, we
have, according to egquation (4):

Pg = Qg ~ L vg® - hea (19)

2 - Agy ' (20)

2
Pg = Q4 ~ g'vi

Once the flow losses Agy and Ag, have been ascertained,

the cooling volume and the pressure in the outlet opening
can be computed with equations (18), (19), and (20). Agy
consists of the pressure loss Apy 1in the actual radiator

olenent and the losse at inflow and outflow.

For Ag, &and Ag;, the followlng appropriate assump~-
tions are made:

(21)

bgg = Apy + ta g.voa (22)
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? (23)

e S . -

Apx.= '°w’x_ % Yo

-,

£y, to, and h,i"afe conatants. ' The admissibility of

the simplifications effected through equations (21}, (22),
and.. (23). must be checked in the 1lndividual &ases, or else
properly modified relations introduced for Mgy, Agy»

and APK' In thé following calcplatiops, the npndimensionpl

b Py A8y A8y

titi B‘ — — | E——— p——
ased ° ' Vo' %' %0 ' 9o
ficlents, cy*, Oy, Cw,s Cy, > conformably to equationa (3),

(15), (16), and (17) are employed.

, 6&and the nondimenslional coef-

The applicaetion of equations (15) and (17) to the

present case glves:

. ) 2 2
¥ = BgaFatlgs (F-Fg) - §(vo-va) Fa-£ (vouvi) (F-Fa) (24)
oy = SaTe, 060 (TR0 () Tey' Ta_(_T1)" (2Te) (p
v 9% " Fx 4o FK Vo Fx
Agg, T F F-F
e Mele Ty I (Y (I G
90 Fg vo/ Fx FoJ/
cx Ag
. Yo %o
' cy A
Cy. = fx SoPg (28)
m V5 4o . ' :

g . B
with the guantities, —, —, ==, ——, to be determined

according to equations (19) to (23).

¥Now the derivated equations are applied to an illus~
trative example. The selection of the constants and the
geometric dimensions 1s as follows:

Ty .
) = 0.32, Cwg = 6
.£4 = 0.03 kg = 0.5
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" A flap fitted at tha .cooling-air outlet (fig. 4) af-
fordis different cooling-air-outlet sections F,. 4t first,

the flow volume -E for each flap setting 1s determined;

Vo
.thie is best done grappiaally!“tho value of 1 = EQ, for .
. L ) - o
each flap setting being plotted against 2; and according

Vo
to equations (19) and (20). The intersection of the two
curves glves the desired flow volume vg/ Voo

"In this manner, the flow volume ;% of figure 4 was

determined for flap setting ;E - 6 0.25, O. 50 ' 0.75, and

the related velues ——ﬂ ——1 , —1 __K according to equa=-
4, 9, - “o Q,

tions (18), (19), and (20) ascertained, and then the values

of .cy» °w . c'm and c,i computad according to equatlons

(25) to (28) and connacted by curves. The effect of any
changes, as, say ln the geometrlc dimenslons, the assunp-
‘tions regardlng flow losses, etc., on drag, flow volune

and pressure 1in the coollng-air outlet arc readily detected
by thils method of calculation.

In the following, the arguments are applled to several
experinental radlator investigations. The radiator 1nstal=-
latlon of flgure 6 wlth nacelle and a plcce of the wing was
explored at full scale in the ‘wind tunnel. Dimensions and
arrangement of radiator installatlion aro 1ln the principal
points those used in the other exanple. The radiator as-
senbly was studled at dl1fferent flap settings and drag,
flow volume, and coelling-aolr-outlet pressure ascertained.
The radiator drag followed as differonce fror the recorded
drag less the drag by instelled radictor and best nacolle
covering. The results are tabulated in table I.

The drag cocefficients cwm. Cuwa cw* were determined

with the help of the foregolng arguments.and plotted in flg-
ures 7 and 7a., With arrangement 1, a large portion of the
drag was found to be caused by the flow losses while clrcu~-
lating around the radlator. Then the radiator inlet was
shortoned and the 1nlaet cdge rounded off, whlich gave arrange-
mont 2, on which these losees, ospecially at small flap
settings, could be materially lowered, nlthough 1t dld not
affect the losses at passage through the radiator, according
to figuro 7. An Intormedimste baffle fltted at the radiator
inlot conformably to arrangement 3, figure 7a afforded con-
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slderable improvenent 1n:?cw1 -and hence indireectly 1n the

"¢$6tal drag. This exanple indicates how, with _the aid of
this method, the indiyiduel couses of the radlator drag can

_-be apcertained. A similar ipvestigatlion at smaller scale

had been made earlier for a different radiator 1natallntion.

A compariuon of the computed curves of filgure 5 and
the measured curves of figure '7 indicates” vGry cioae agroe-
mont. which, oonaidering tho extent of neceaaary sinplifi-
catlions 1s surpriaing. The agsunption regarding ‘the ex~=
ternal flow losses is ‘naturally only conditionally correct,
slnce, with flap closed, these losses nust unioubtedly be
, substantially greater than with fldp open, a fact substan~
tiated by experiment. The sanme also holds for flow losses
through the radilator cowling. '

By neans of the foregoing arguncntes the problem of
radiator drag reduces to the solutlon .of a series of par-
tial problems each of which can bs dealt with separately.
It affords a clear plcture of the composlitlion of the radla-
tor drag and a presdetermination of tho radtator dreg and
qooling capapity in ﬁosv.casqs with aufficiant accuracy.

The enplsyed method 15 ‘squally applicable to alr-
cooled englnes.

Translation by J. Vaniler,
National Advisory Comnmittee
for Aeronautics.
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L I R T - Table I . v v,
Test Results with Radlator Arrangement of Figure 4
Ta VK Va Pa Agg, Apg | Cy"*
— — — ———— —— ——— cw ~ c'm 0'1
Ly Vo Vo % %0 % (E=0)
0.000 0.320

.148)0.1040.700-0.06 ;| 0.57 |0.119| .234|0.071;{0,059/0,0123
1l .281| .182| .650| ~.04 .618| .2232( .234| .139| .113| .0403
.529| .306} .580| -.235( .899| .537| .401| .382| .275| .1l643

.760| .355| .473| -.383(1.161| .687] .740] .662) .412| .244

0.000 6.162
.148(0.100{0.675;+0.01 [ 0.555|/0,113| .106|/0.066|0.055[{0.0113

2 .28l .179| .636} =-.03 .626; .214| .145| ,139}| .112| ,.0383
.516( .314| .608| ~-.24 .8711 .563| .380| .369| .274] .1767

.750| .390| .520| -.41 {1.139| .815| .662| .68l .444| .318

0.000 : 0.179
«148(0.104 .086

3 .284| .212{0.747|-0.03 (0.4765(0.280| .126}0.116|0.100(0.0594
.?750| .370| .493| -.395/1.152| ,739| .665| .672| .,426| .2734
.529| .306 « 360
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ﬂ_ Figure 1.~ General arrangement of a

T _ radiator assembly for a
v, ~ ' liquid-cooled engine, mounted in the
engine ndcelle of an airplane.

/ /,
X e i r - 777 3
== K J<Velocity
Vo { along plane a-a
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Zore Zone B
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Figure 2.- Radiator instellation in infinitely extended frictionless
plane.
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Figure 3.~ A specific source and sink distribution substituting for
the radiator.
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Figure 4.- Radiator in & closed channel
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Figure 5.- Theoretical determination of radiator drag and flow volume.
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Figure 8.- Radiator mounted on engine nacelle.
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Figures 7 and 7a.- Experimental radiator drag and flow volume.
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